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ABSTRACT

Development of Single-Chip Silicon Photonic Microcantilever
Arrays for Sensing Applications
Weisheng Hu
Department of Electrical and Computer Engineering
Doctor of Philosophy

Microcantilever arrays have been shown to be promising label-free nanomechanical
sensing devices with high sensitivity. Two factors that affect the usefulness of microcantilevers
in sensing scenarios are the sensitivity of the transduction method for measuring changes in
microcantilever properties and the ability to create large compact arrays of microcantilevers. In
this dissertation, we demonstrate that microcantilevers with an in-plane photonic transduction
method are attractive because they maintain the sensitivity of the traditional laser beam reflection
method while being scalable to simultaneous readout of large microcantilever arrays.
First I demonstrate the integration of a compact waveguide splitter network with in-plane
photonic microcantilevers which have amorphous silicon strip loading differential splitter and
simultaneous microcantilever readout with an InGaAs line scan camera. A 16-microcantilever
array is fabricated and measured. Use of a scaled differential signal yields reasonable
correspondence of the signals from 7 surviving released microcantilevers in the array. The
average sensitivity is 0.23 µm-1.
To improve the sensitivity and consistency, and reduce fabrication difficulties, a new
differential splitter design with 4 µm long double-step multimode rib waveguide is introduced.
Furthermore, a modified fabrication process is employed to enhance the performance of the
device. A new 16-microcanitiler array is designed and fabricated. The sensitivity of a measured
16-microcantilever array is improved to approximately 1 µm-1, which is comparable to the best
reported for the laser reflection read out method. Moreover, most of the microcantilevers show
excellent uniformity.
To demonstrate large scale microcantilever arrays with simultaneous readout using the
in-plane photonic transduction method, a 64-microcantilver array is designed, fabricated and
measured. Measurement results show that excellent signal uniformiy is obtained for the scaled
differential signal of 56 measured microcantilevers in a 64-array. The average sensitivity of the
microcantilevers is 0.7 µm-1, and matches simulation results very well.
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1

INTRODUCTION

A sensor is a device that detects a change in a physical stimulus and turns it into a signal
which can be measured or recorded. There are many types of sensors. For example, a
thermocouple converts temperature into an output voltage which can be read by a voltmeter; a
photodiode converts light into either current or voltage; a piezoresistor converts mechanical
stress into resistivity change. Microcantilevers can be used as mechanical sensors that convert a
change of physical stimulus into a mechanical response. For example, they can respond to a
change of mass by shifting resonant frequency, or respond to molecular adsorption by static
deflection.

1.1

Microcantilever
Microcantilever (MCL) is a beam supported on only one end, the other end is free.

Microcantilevers are commonly fabricated from silicon (Si), silicon nitride (SiN), silicon dioxide
or polymers and are typically 0.2–3 μm thick, 20–300 μm wide, and 100–500 μm long.
The most important equation to understand the behavior of microcantilevers is the wellknown Stoney's formula [1], which relates cantilever free end deflection δ to applied stress σ:

δ=

3σ (1 − ν ) L 2
( )
E
t

(1-1)

where ν is Poisson's ratio, E is Young's modulus, L is the beam length and t is the cantilever
thickness.
1

The other important equation relates the cantilever spring constant k to the cantilever
dimensions and material constants [2]:

Ewt 3
k=
4L3

(1-2)

where w is the cantilever width. The microcantilever fundamental resonant frequency, fo , can be
calculated by [2]:

f0 =

1
2π

k
m

(1-3)

where m is the microcantilever effective mass, which includes both a concentrated and a
distributed mass.
The microcantilever was used as the probe in atomic force microscope (AFM) from the
mid 1980s [3]. Figure 1-1 shows the fundamental operating principles of the AFM. The AFM
consists of a microcantilever with a sharp tip (probe) at its free end that is used to scan a
specimen surface. When the tip is brought into proximity of a sample surface, forces between the
tip and the sample lead to a deflection of the microcantilever. Depending on the situation, forces
that are measured in AFM typically include mechanical contact force and van der Waals forces.
Typically, the deflection is measured using a laser spot reflected from the top surface of the
microcantilever onto a position-sensitive photodetector. By scanning the tip across a sample
surface, a topography image of the sample is obtained.
After more than twenty years of development, today’s AFM is a very important tool in
science, technology and industry. Beyond imaging of surfaces, here we focus on their
applications as sensing devices.

2

Figure 1-1: Schematic diagram of the operating principles of the AFM From Agilent Inc.
(http://nano.tm.agilent.com)

1.2

Microcantilever Sensor
Investigating microcantilevers as sensors started in the mid 1990s [4, 5]. Many physical

[4, 6-15], chemical [16-25], biological [13, 26-39] and environmental [40-43] sensors based on
the microcantilevers have been demonstrated.

3

Microcantilevers provide opportunities for label-free sensing devices [43-49] with high
sensitivity. Low cost and mass production of microcantilevers are achieved by taking advantage
of today’s microfabrication technology. The microscopic size of the cantilever gives the sensor a
high sensitivity to the applied forces or stresses because of the low spring constant. Moreover,
microcantilever sensor can be integrated with microfluidics to create a rapid, small-samplevolume lab-on-a-chip detection system [43, 50-52].
For biological or chemical sensing purposes, one side of the microcantilever is coated
with a selective receptor layer (as shown in Figure 1-2) [16, 30, 43]. The other surface of the
cantilever may be coated with a passivation layer. Microcantilever sensors are generally operated
in either the static deflection mode [1, 33, 34, 43, 53], as shown in Figure 1-2, where the
absorption of target molecule by the receptor coating on one side of the cantilever causes
unbalanced surface stress, resulting in a measurable deflection upwards or downwards, or the
dynamic, resonant mode [2, 24, 33, 34, 43, 54] , as shown in Figure 1-3, where binding or
absorption on the cantilever increases mass and thus decreases the resonant frequency. An
important advantage of static deflection mode is that it can operate in vacuum, gases and liquids.
The dynamic resonant mode is difficult to operate in liquids, because of the large damping of the
cantilever oscillation due to the high viscosity of the surrounding media.
One important part of microcantilever sensor is the readout method for measuring
changes in microcantilever properties. A number of transduction methods have been developed
including optical beam deflection [3, 34, 35, 43, 55], piezoresistive [27, 31, 34, 35, 44],
piezoelectric [21, 56], capacitive [25, 57], and optical waveguide techniques [58].

4

Figure 1-2: Schematic illustration of a single microcantilever sensor based on static deflection mode when
target analyte interacts with the sensitizing layer

Figure 1-3: Dynamic resonant operating mode of a microcantilever sensor
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1.3

Microcantilever Array Sensor
Biological or chemical sensors based on large arrays of microcantilevers can enable

simultaneous parallel assays that can increase the efficiency and sensitivity of the sensor and
distinguish environmental effects from effects due to the presence of target analytes [26, 49, 59,
60]. For example, a number of microcantilevers in an array can be coated with the same receptor
to provide detection redundancy for a given target analyte, improving the signal-to-noise ratio of
the overall sensor. Moreover, multiple assays for different target analytes increase the overall
efficiency of the sensor when dealing with a limited sample volume, and potentially reduce the
cost of multiple assays by consolidating them into a single test.
Additionally, reference microcantilevers can be included in an array to calibrate out
effects due to the ambient sensing environment such as variations in temperature, pH, salt
concentration, and fluid flow rate, thereby allowing the sensor to differentiate between changes
due to the environment and changes due to the adsorption of target analytes. Hence, development
of large scale microcantilever arrays is an attractive prospect for sensor applications.
The laser beam reflection transduction technique which is used in AFM is the most
widely used and most sensitive readout method [32]. However, due to the system complexity, the
traditional laser beam reflection technique does not easily scale to simultaneously read out of
large arrays of microcantilevers. Only small-scale microcantilever arrays have been
demonstrated [17, 45, 61]. Another approach is to illuminate all microcantilvers in a twodimensional (2-D) array with a collimated laser beam. The reflected light from the 2-D
microcantilever array is imaged onto a charged couple device (CCD). The deflection of each
cantilever can be calculated from the displacements of the reflected spots on the CCD [60].
Although this approach can be scaled up to hundreds of microcantilevers in theory, the

6

sensitivity is lower than for the traditional beam reflection method. Alternatively,
microcantilevers with an in-plane photonic transduction method are attractive because they
maintain the sensitivity of the traditional laser beam reflection method while being scalable to
simultaneous readout of large microcantilever arrays.

1.4

Overview of Dissertation
Microcantilever array is a label-free, highly sensitive and promising sensing platform.

This dissertation is focused on development of single-chip photonic microcantilever arrays for
sensing applications with demonstration up to 64 microcantilevers. The dissertation is organized
as follows.
Chapter 2 introduces background information including silicon-on-insulator (SOI) rib
waveguide, the in-plane photonic transduction method and the trench based bend and splitter
network. The microfabrication tools employed in the fabrication of microcantilever array are also
introduced in this chapter.
Chapter 3 demonstrates the integration of a compact trench based-bend and splitter
network with an in-plane photonic microcantilever array with simultaneous readout. The design,
fabrication and experiment approach are also discussed in this chapter.
Chapter 4 discusses using a new differential splitter design and a modified fabrication
process to enhance the performance of photonic microcantilever array. The new design increases
the sensitivity; and the new process improves response uniformity, yield and performance of the
samples. The 16-microcantilever array is introduced with Y-branch based splitter network and
double-input waveguide.

7

In chapter 5, we achieve simultaneous high-sensitivity readout of 56 microcantilevers in a
64 array on a single chip using the in-plane photonic transduction method with trench based bend
and splitter network.
The final chapter, chapter 6, summarizes this dissertation and discusses future research.
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2

BACKGROUND

In this chapter, background information is introduced. Silicon-on-insulator (SOI) rib
waveguide is introduced first, followed by the discussions of the in-plane photonic transduction
method and the trench based bend and splitter network. The microfabrication tools employed in
the fabrication of microcantilever array are also introduced in this chapter.

2.1

SOI Rib Waveguide
Silicon-on-insulator (SOI) technology in which single-crystal silicon is grown over an

electrical insulator, such as silicon dioxide, was developed by semiconductor industry to improve
the performance and miniaturize the size of the microelectronics devices [62]. SOI wafers are
also widely used in silicon photonics [63-65]. The single-crystal silicon layer on insulator can be
used to fabricate optical waveguides and other passive optical devices for integrated optics. The
single-crystal silicon layer is sandwiched between the buried insulator (silicon dioxide) and
upper cladding of air (or any other low refractive index material). This enables propagation of
light waves in the waveguides on the basis of total internal reflection [66].
As shown in Figure 2-1, our SOI rib waveguide has a silicon layer with 0.75 μm
thickness, etch depth of 0.1 μm, and rib width of 1.6 μm. The under cladding is 3 μm SiO2 and
the upper cladding is air or SU8. The waveguide supports only the fundamental TE polarization
mode (i.e. electric field in the plane of the silicon) at a wavelength of 1550 nm. The refractive
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index is 3.477 for silicon and 1.444 for the under cladding (SiO2). And for upper cladding,
refractive index is either 0 or 1.57 depending on whether we use air or SU8.
Jiguo Song, who was a master student in our group, did the simulation for the rib
waveguide with FIMMWAVE. Figure 2-2 shows the fundamental TE mode in waveguide with
SU8 as upper cladding.

Figure 2-1: Cross section of SOI rib waveguide

Figure 2-2: Fundamental TE mode in single mode SOI waveguide
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The propagation loss of such waveguides was measured with the cut-back method. Figure
2-3 shows the measured loss as a function of the waveguide length. A linear curve fit yields a
waveguide propagation loss of approximately 1.2 dB/cm.

Figure 2-3: SOI rib waveguide propagation loss as a function of waveguide length

2.2

Differential Splitter-Based Microcantilever
On the top silicon layer of the SOI wafer, microcantilever can be defined by optical

lithography followed by silicon etch. After removing the underlying SiO2 by hydrofluoric (HF)
acid, the microcantilever is released. Etching a rib on the microcantilever creates a photonic
microcantilever with a waveguide running down the center of the length.
Several groups have proposed using a static single mode capture waveguide to collect
light from the end of a photonic microcantilever [58, 67, 68]. Considering the case as shown in
11

Figure 2-4(a), the microcantilever is etched to form a single mode rib waveguide which is similar
to what is described in section 2.2. A static single mode capture waveguide is situated across a
small gap (a couple of hundreds nanometers) from the end of the microcantilever. Figure 2-4(b)
shows the simulation results for optical power captured by static single mode waveguide as a
function of the deflection of the microcantilver. (The simulation was done by Jong Wook Noh
with FIMMWAVE/PROP.) As shown in Figure 2-4(b), there is little or no sensitivity near zero
deflection where the slope of the captured power as a function of deflection is zero. Hence, it is
not a very attractive approach in sensing scenario in which the photonic cantilever uses single
mode waveguide as capture waveguide.

(a)
12

(b)
Figure 2-4: (a) Schematic layout of photonic microcantilever with single mode capture waveguide. (b)
Simulation results for output power as a function of microcantilever deflection.

To eliminate the problem above, our group proposed a new in-plane photonic waveguide
microcantilever transduction mechanism based on an asymmetric multimode static capture
waveguide with two optical outputs with which a differential signal is formed that is a monotonic
function of deflection [69-72]. Figure 2-5(a) shows a schematic diagram of our microcantilever
and capture waveguide geometry. The capture waveguide consists of a 3.0 μm wide multimode
rib waveguide in the top silicon layer that has the same ridge height as the single mode
waveguide, and a 0.1 μm thick amorphous silicon strip loading that is 1.5 μm wide and placed
over half of the multimode rib waveguide. This asymmetric multimode section supports two TE
waveguide modes and terminates in a Y-branch 1×2 optical power splitter. The combination of
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an asymmetric multimode rib waveguide and Y-branch splitter is called a differential splitter.
The splitting ratio of the differential splitter varies as a function of the deflection of the photonic
microcantilever due to the asymmetric structure. Figure 2-5(b) shows the simulated normalized
optical power in each output, P1 and P2, as a function of microcantilever deflection. The slight
offset, ∆, between the peaks of the output power profiles is also due to the receiver waveguide
asymmetry. This offset makes it possible to use these signals to form a differential signal, η,
defined as

η=

P2 − P1
.
P2 + P1

(2-1)

The differential signal is monotonic and nearly linear across the measurement range of
interest, as shown in Figure 2-5(c). This avoids the low sensitivity region that exists in the
measurement range when a simple single mode capture waveguide is used. Noting also that,
unlike readout with optical beam deflection, our transduction method is suitable even for opaque
solutions since the optical beam is in solution only as it traverses the gap between the end of the
microcantilever and the static receiver waveguide, and this path length is extremely short,
resulting in minimal attenuation.
Jong Wook Noh has demonstrated this differential splitter based in-plane photonic
waveguide microcantilever transduction mechanism. As shown in Figure 2-6, the measured
responsivity of the photonic microcantilever transduction method was approximately 0.11×10-3
nm-1 [70].
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(a)

(b)
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(c)
Figure 2-5: (a) Schematic layout of photonic microcantilever with asymmetric multimode capture waveguide
(b) Simulation results for P1 and P2 optical output power as a function of microcantilever deflection (c)
Simulation results for differential signal as a function of microcantilever deflection.

Figure 2-6: Differential signal as s function of deflection for our first of differential splitter based photonic
microcantilver [70]
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2.3

Trench Based Bend and Splitter Network
One of our goals is to create differential splitter based photonic microcantilever arrays for

sensing many kinds of molecules simultaneously, thereby achieving highly multiplexed sensing.
We therefore need a really compact way to illuminate the microcantilver individually and
simultaneously with a single on-chip waveguide input [73]. The trench based bend and splitter
network is employed to achieve this purpose.

Figure 2-7: The bending loss as a function of bend radius for our rib waveguide

The waveguide bend is used to redirect the propagating light in planar lightwave circuits
(PLCs). For a conventional waveguide bend, there are two key factors in bend loss: bend radius
and the mode confinement in waveguide [74]. For our rib waveguide structure, the refractive
index difference is relatively small in horizontal plane. So we need a large radius of curvature
with a conventional waveguide bend which is at least 1.2 mm as shown in Figure 2-7 to achieve
negligible loss for 90 degree bending. The other fundamental component in PLCs is beam
splitter which is mostly based on the multimode interference (MMI) couplers [75-77], Y17

branches [78-80] or star couplers [81]. For our rib waveguide structure, if we want to achieve 50
μm output waveguide spacing, the Y-branch needs to be about 1900 μm long. Although the size
of MMI coupler and star coupler is relatively smaller, these couplers inevitably need the s-bend
to achieve 50 μm output waveguide spacing, which increases the overall splitter size to hundreds
of micrometers.
Our approach is to use total internal reflection (TIR) and frustrated total internal
reflection (FTIR) [82] to build a trench-based bend and splitter network developed by our group
[83-85]. Figure 2-8 shows the 2-D finite difference time domain (FDTD) simulation results of
the magnitude squared time averaged magnetic field for our waveguide structure with trench
based bend at a wavelength of 1550 nm. (All of the FDTD simulations were done by Jiguo
Song.) The bend is etched all the way down to the SiO2 layer and filled with SU8 which also
covers the whole top Si layer as upper cladding. Light propagating through the input waveguide
is reflected to the output waveguide by the Si-SU8 interface due to TIR.

Figure 2-8: Magnitude squared time averaged magnetic field
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A schematic diagram of TIR is shown in Figure 2-9

Figure 2-9: The schematic diagram of total internal reflection

When n1 is larger than n2 and incident angel (θI) is larger than critical angel (θc), the TIR occurs

θ c = sin −1 (

n2
)
n1

.

(2-2)

Although all of the incoming energy is reflected back into the incident medium, there is a nonzero field across the boundary surface, which is called evanescent wave. The electric field of the
evanescent wave is shown in equation (2-3) [86].

 
 − k βz − j (ωt −αx )
Et ( r , t ) = Et e 2 e
where
k2 =

ω
c

n2 ,
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(2-3)

β= (

n1
sin θ I ) 2 − 1 ,
n2

α = k2

n1
sin θ I .
n2

As shown in this equation, the evanescent wave travels along the boundary between the
two media and the amplitude decays exponentially. The evanescent wave transmits zero net
energy. However, if a third medium with a higher refractive index than the second medium is
placed within less than several wavelengths of distance from the interface between the first
medium and the second medium, the evanescent wave will pass energy across the second
medium into the third medium. This phenomenon is known as frustrated total internal reflection
(FTIR) and is what we base trench splitters on. The splitting ratio can be controlled by trench
width. The bend angle is defined in Figure 2-10 (a). As shown in equation 2.3, when increasing
the refractive index n2, the evanescent wave will decay more slowly. So a 50/50 splitting ratio
can be achieved with a wider trench which is filled with higher refractive index material. Figure
2-10 (b) shows 2-D (FDTD) simulation results of the magnitude-squared time-averaged
magnetic field for a splitter which is 86 nm wide and filled with index fluid (n=1.733) at a
wavelength of 1550 nm. In the case of SU8 (n=1.57) filled trench, the trench width is required to
be 67 nm to achieve 50/50 splitting ratio for a 90° bend angle. We found that it is difficult to
fabricate that narrow trench reliably. From Equation 2-3, when the incident angle is decreased,
the evanescent wave will decay more slowly too, as long as the incident angle is larger than the
critical angle. So an alternative method that can achieve 50/50 splitting ratio with wider trench is
to decrease the incident angle (increasing the bend angle). By increasing the bend angle to 105°,
116 nm SU8 filled trench can achieve 50/50 splitting ratio.
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(a) Definition of bend angle

(c) The magnitude-squared timeaveraged magnetic field for the 105°

(b) The magnitude-squared time-averaged
magnetic field for the 90° trench based
splitter filled with index fluid (n=1.733)

trench based splitter filled with SU8
(n=1.57).

Figure 2-10: Trench based splitter

By cascading trench-based bends and splitters, we can achieve very compact 1-to-N
networks that split a single optical input into N outputs to illuminate the photonic
microcantilever simultaneously as shown in Figure 2-11.
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Figure 2-11: Microcantilever array illuminated with trench based bend and splitter network

As shown in Figure 2-12, we have demonstrated the 1 to 32 trench based bend splitter
network whose size is only 700 μm × 1600 μm for 50 μm output waveguide spacing by Yusheng
Qian [84].
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(a)

(b)

Figure 2-12: Demonstration of 1 to 32 network (a) Microscope image of the network area (b) The
corresponding IR camera image of output waveguides [84]

2.4

Microfabrication
Microfabrication technology was originally introduced by semiconductor industry for

integrated circuits fabrication in the 1970s [87, 88]. After 40 years of development, it is widely
employed in fabrication of integrated circuits, microelectromechanical system (MEMS), and
photonic devices. Silicon is the second most common element in earth’s crust by mass and the
most important material in microfabrication field. Microelectronic devices use the electrical
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properties of silicon, while MEMS and photonic devices use the mechanical and optical
properties of the silicon, respectively.
Our photonic microcantilever array is silicon-based and the fabrication process, which
involves thin film deposition, lithography, pattern transfer, etc., is compatible with standard
complementary metal oxide semiconductor (CMOS) process. Starting from thin film deposition,
we’ll discuss the microfabrication techniques that are used in photonic microcantilever array
fabrication.

2.4.1

Thin Film Deposition
A thin film can be deposited on a substrate to achieve different structures or different

properties [89]. Many different kinds of thin films can be deposited by various methods.
Evaporation is a common method of thin film deposition. The source material is heated
up at a high temperature to be melted or sublimated in vacuum. The vapor atoms or molecules
travel through the vacuum and condense on a substrate to form the thin film. Figure 2-13 shows
the basic setup of evaporation deposition. In the thermal evaporator, the material is seated on a
boat of highly refractory metal element such as tungsten. By passing a high current through the
element, high temperature is achieved to evaporate the material. In electron beam evaporator, a
high intensity electron beam is focused on target material in a crucible. When high speed
electrons hit the target material, the kinetic energy will transfer to thermal energy, creating a high
temperature. The electron beam is emitted from a filament and magnetically directed to a
crucible, which is cooled by water circulation.
Evaporation deposition is relatively faster, simpler and has less substrate surface damage.
The evaporators emit the material from a point source, resulting in shadowing and sometimes
causing problems with deposition on high aspect ratio structure. However, sometimes we use this
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property to benefit the lift-off process which we will introduce later. The other disadvantage of
evaporation is difficult in coating a large area uniformly.

Figure 2-13: Schematic of evaporation system [90]

The other thin film deposition technique used in our process is sputtering which is also a
common method in microfabrication [87]. As shown in Figure 2-14 (a), in a DC sputtering
system, the vacuum chamber is filled with Argon and a metal target is attached to the cathode.
Electrons are accelerated by applying electrical field and transfer the kinetic energy to neutral
argon atoms by collisions. The collisions lead to the ionization of the Argon gas. The negative
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biased target is bombarded by the Argon ions (Ar+). The target atoms are ejected out by
momentum transfer. The ejected target atoms are transported to substrate surface which is placed
on the anode and condense as a film.

Figure 2-14: Schematic of sputtering system (a) DC sputtering system (b) RF sputtering system

In the case of dielectric material target, in DC sputtering system the positive charges
build up on the cathode (target) and need extremely high voltage to sputter. To eliminate this
problem, the radio frequency (RF) sputtering system in which a RF power supply is used to
replace the DC power supply is introduced, as shown in Figure 2-14 (b). The RF field which is
applied between the two electrodes causes the electrons to oscillate and collide with argon atoms,
ionizing the atoms and generating a plasma. With the alternate voltage, the positive charge will
stay in the plasma zone and avoid accumulating to cathode. By sputtering technique, we can
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achieve dense films, better adhesion and better uniformity over large area, as compared to
evaporation techniques.

2.4.2

Lithography
Lithography is used to imprint a pattern onto the surface of a thin films or substrate [87,

91]. Photolithography is the most widely used lithography. A schematic of the photolithography
process is shown in Figure 2-15. First, a UV-sensitive material (photoresist) is spin coated on top
of substrate to make uniform film whose typical thickness can be in the range of 0.5 μm to 50
μm depending on the viscosity of the resist and the spin speed. To improve the adhesion of the
resist on the substrate, sometimes adhesion promoter, such as HMDS, Surpass 400, etc, is needed
to be applied to the substrate before spinning the resist. Second step is soft baking which
removes solvent from the resist. Then, the resist is selectively exposed to UV radiation with a
photomask which is a flat glass or quartz with a patterned chromium layer. The last step is
development. For positive resist, the exposed area is dissolved in developer. For negative resist,
on the other hand, the unexposed area is dissolved in developer.
Contact lithography is the simplest photolithography technique. The mask is directly and
physically in contact with substrate on contact mask aligner, as shown in Figure 2-15. The
disadvantages of contact lithography include defects from the contact and resolution limitation.
An alternative photolithography technique is projection lithography, as shown in Figure 2-16. A
projection lithography system, which is also called a stepper, uses a high resolution optical
system which mostly is reduction lenses to image mask onto the substrate. Fewer defects and
higher resolution can be achieved by using stepper.
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Photo resist

Spin coating

Substrate

Soft baking

UV light
Photomask

UV exposure
Development

Negative resist

Positive resist

Figure 2-15: Schematic of photolithography process

UV light source

Condenser lens

Mask

Objective lens

Figure 2-16: Schematic of projection lithography system
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Resist on
wafer

Electron beam lithography (EBL) is another lithography technique [87]. A schematic of
the EBL process is shown in Figure 2-17. In an EBL system which is similar to the scanning
electron microscope (SEM), a high energy electron beam (10 to 100 keV) is focused on the
electron beam sensitive material (e-beam resist) in a vacuum. The pattern is generated by
scanning the electron beam, exposing the resist. Because high energy electron beam has
extremely short wavelength, EBL can achieve very high resolution which is limited by
diffraction in photolithography. By directly writing the pattern, the EBL does not need a mask.
This feature makes EBL flexible in research and development. On the other hand, it takes long
time to write an entire wafer.

Figure 2-17 Schematic of electron beam lithography process

29

2.4.3

Lift-off Process
The pattern transfer process consists of two steps: first, the pattern is generated on top of

substrate or film by lithography; second, materials are either added or removed.
The lift-off process is a simple way to transfer pattern with additive technique. As shown
in Figure 2-18 [88], (a) the pattern is defined on the photo resist by lithography; (b) a thin film is
deposited to cover the resist and the substrate. The thickness of the film should be less than onethird of the thickness of the resist. (c) Using an appropriate solvent, the remaining photo resist is
removed together with the film on top of it. Only the film directly deposited on substrate will be
left. The lift-off technique has a high resolution and can be applied to almost all kinds of
materials.

Resist
Substrate
(a)

Thin film

(b)

(c)

Figure 2-18: Schematic of lift-off process
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2.4.4

Etch Process
The technique of transferring pattern by removing materials is etching. It is a critical

process to create structures and remove sacrificial materials. A protection layer, such as photo
resist, silicon dioxide, etc, is usually patterned before etching [92].
Wet etch is the simplest etching method. As shown in Figure 2-19 (a), sample is
immersed in a in a bath of etchant, chemical reaction between sample and etchant occurs at the
surface, the diffusion will transport the etchant to the surface and bring the reaction production
away from surface. For example, the hydrogen fluoride (HF) solution is used to etch SiO2.
As show in Figure 2-19 (b), in most cases, wet etching undercuts the protective layer
because it is an isotropic etch which means that the etch rates are the same in all directions,
leading to a rounded etch profile.

Etchants
Protective
film

Protective
film

Film or Substrate

(a)

(b)
Figure 2-19: Wet etch (a) Setup (b) Etch profile
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Dry etch is another way to remove materials. In dry etch process, material is removed by
ion bombardment, chemical reaction, or their combined mechanism in plasma. An anisotropic
etch profile can be achieved by dry etch [87].
Reactive ion etch (RIE) is one of the dry etch methods. A schematic of RIE is shown in
Figure 2-20. The sample is placed in a vacuum chamber in which the reactive gases are
introduced. A RF field which is applied between the two electrodes causes the electrons to
oscillate and collide with gas molecules, ionizing gas molecules and generating a plasma. The
reactive ions are accelerated towards, and react at, the surface of the sample. On the other hand,
the ions also bombard the sample surface physically by transferring their momentum.
Anisotropic etch profiles can be achieved by RIE with an aspect ratio up to about 5:1.

Figure 2-20: Schematic of RIE

A special subclass of RIE is inductively coupled plasma RIE (ICP-RIE). When a timevarying electric current is passed through the coil, it creates a time varying magnetic field around
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it, which in turn induces azimuthal electric currents in the rarefied gas, leading to the breakdown
and formation of a plasma called inductively coupled plasma. As shown in Figure 2-21, in this
system, the ICP is employed as a high density source of ions which increases the etch rate,
whereas a separate RF bias is applied to create directional electric fields near the substrate to
achieve more anisotropic etch profiles.

ICP RF generator

Platen RF generator

Figure 2-21: Schematic of ICP-RIE from oxford instruments inc. (http://www.oxfordinstruments.com/products/etching-deposition-growth/processes-techniques/plasma-etch/icp/Pages/icp.aspx)

To create deep silicon structures with high aspect ratios, the deep reactive ion etching
(DRIE) is introduced [93, 94]. It was developed for MEMS, but is also used in semiconductor
industry and other fields. The primary technology of DRIE is based on the so-called "Bosch
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process", named after the German company Robert Bosch which filed the original patent. Figure
2-22 shows a schematic of this process. Two different gas components are alternated in the
chamber. At the beginning of each cycle a C4F8 -based plasma is used to deposit a few
monolayers of fluorocarbon polymer across all surfaces exposed to the plasma to form a
passivation layer. In the etch step, the plasma gas is then switched to SF6 to create a plasma
chemistry that isotropically etches silicon. Through the application of a DC bias to the plate, ions
from the plasma bombard the surface of the wafer, removing the polymer. Increased ion energy
in the vertical direction results in a much higher rate of removal of fluorocarbon from surfaces
parallel to the wafer surface. Following selective polymer removal, the silicon surface at the base
of the trench is exposed to reactive fluorine-based species that isotropically etch the unprotected
silicon. The remaining fluorocarbon polymer protects the vertical walls of the trench from
etching. An aspect ratio of 20:1 or more can be achieved by Bosch process.

Passivation
layer

Resist

Silicon

(a)

(b)

Figure 2-22: Schematic of Bosch process (a) passivation step (b) etch step
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2.4.5

Ion Implantation
As shown in Figure 2-23, in ion implantation process, the ions of a material are

accelerated and injected into the near-surface region of a substrate, thereby changing the
properties of the substrate [92]. A wide variety of materials can be used for implantation. The
typical ion energies are in the range of 10 to 500 keV and the typical penetration depth varies
from 10 nm to 50 μm. Ion implantation is used extensively in the semiconductor industry to
introduce dopants, such as such as boron, phosphorus or arsenic. The ion implantation technique
has the capability of precisely controlling the number of implanted dopant atoms, and dopant's
distribution profile can also be well-controlled. One of the disadvantages of the ion implantation
is the crystal structure damage caused by impact.

Figure 2-23: Ion implantation with protective film

2.4.6

Focused Ion Beam
Focused ion beam (FIB) techniques were introduced by semiconductor industry in the

1980s [95]. After more than 20 years development, FIB is used in a variety of applications,
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particularly in the semiconductor and material science fields because it offers both highresolution imaging and flexible micromaching.
The FIB system works very similar to a scanning electron microscope (SEM) except,
rather than a beam of electrons, FIB system uses a finely focused beam of ions (usually gallium)
that can be operated at low beam currents for imaging or high beam currents for site specific
sputtering or milling. As shown in Figure 2-24, the highly accelerated gallium (Ga+) primary ion
beam hits the sample surface, bombards and removes the target materials, which leaves the
surface as either secondary ions (i+ or i-) or neutral atoms (n0). The primary beam also produces
secondary electrons (e-). As the primary beam scans on the sample surface, the signal from the
bombarded ions or secondary electrons is collected to form an image.
At low primary beam currents, very little material is removed and the FIB systems can
achieve high imaging resolution. At high currents, a great deal of material can be removed by
bombarding, allowing milling and fabricating desired shapes.

Figure 2-24: Focused ion beam
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2.5

Summary
In this chapter, I introduce the background information starting from SOI rib waveguide.

Then the background knowledge of in-plane photonic transduction method and the trench-based
bend and splitter network is presented. The microfabrication tools employed in the fabrication of
microcantilever array are also briefly introduced in the last section of this chapter.
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3

DEMONSTRATION OF MICROCANTILEVER ARRAY WITH SIMULTANEOUS
READOUT USING AN IN-PLANE PHOTONIC TRANSDUCTION METHOD

A microcantilever array with an in-plane photonic transduction method is designed and
demonstrated. The array is fabricated on a silicon-on-insulator (SOI) substrate. Rib waveguides
in conjunction with a compact waveguide splitter network comprised of trench-based splitters
(TBSs) and trench-based bends (TBBs) route light from a single optical input to each
microcantilever on the chip. Light propagates down a rib waveguide integrated into the
microcantilever, and at the free end of the microcantilever, crosses a small gap. Light is captured
in static asymmetric multimode waveguides that terminate in Y-branches, the outputs of which
are imaged onto an InGaAs line scan camera. A differential signal for each microcantilever is
simultaneously formed from the two outputs of the corresponding Y-branch. We demonstrate
that reasonable signal uniformity is obtained with a scaled differential signal for 7 out of 9
surviving microcantilevers in an array.

3.1

Motivation
As discussed in Chapter 1, the microcantilever is a promising biological, chemical and

environmental sensing platform. Two factors that affect the usefulness of microcantilevers in
these scenarios are the transduction method for measuring changes in microcantilever properties
and the ability to create large compact arrays of microcantilevers. A number of transduction
methods have been developed including optical beam deflection, piezoresistive, piezoelectric,
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capacitive, and optical waveguide techniques. Because of the highest sensitivity and the ready
availability of atomic force microscope readout heads, the most widely used of these is the
optical beam deflection technique in which a laser beam is reflected off the unclamped end of a
microcantilever onto a position-sensitive photodetector. Unfortunately, this technique does not
easily scale to simultaneously read out large arrays of microcantilevers, which has led to interest
in other transduction methods.
The in-plane photonic transduction microcantilever which can be integrated with the
trench based bend and splitter network is capable to scale-up to create large scale microcantilever
arrays with high sensitivity and simultaneously read out.

3.2

3.2.1

Design

In-plane Photonic Transduction Microcantilever Design
As described in Section 2.2, Figure 2-5 (a) shows a schematic diagram of our

microcantilever and receiver waveguide geometry, which is fabricated in the top silicon layer of
a silicon-on-insulator (SOI) wafer. The silicon microcantilever is 100 μm long, 35 μm wide and
0.65 μm thick. The rib on the center of the microcantilever is 1.6 µm wide and 0.1 μm high. It
forms a rib waveguide that supports a single transverse electric (TE) (electric field in the plane of
the silicon layer) mode at a wavelength of 1550 nm, as discussed in Section 2.1. A static receiver
waveguide is situated across a small gap (120 nm) from the end of the microcantilever. It
consists of a 120 μm long and 3.0 μm wide multimode rib waveguide in the silicon layer that has
the same ridge height as the single mode waveguide and a 0.1 μm thick 100 μm long and 1.5 μm
wide amorphous silicon strip loading placed over half of the rib waveguide. The asymmetric
multimode section terminates in a Y-branch 1×2 optical power splitter which has a 50 μm output
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waveguide spacing. The optical power in each output, P1 and P2, as a function of microcantilever
deflection is shown in Figure 2-5 (b). As discussed in Chapter 2, the differential signal is defined
as Equation 2-1 to determine the deflection state of the microcantilever from optical output
powers, P1 and P2. Figure 2-5 (c) shows the simulated differential signal as a function of
microcantilever deflection.

3.2.2

Trench Based Bend and Splitter Network Design
Using the in-plane photonic transduction method to create a large array of

microcantilevers requires sourcing light into each microcantilever waveguide. This is
accomplished with a trench based bend and splitter network which is similar to what we
discussed in Section 2.3. A 105° bend angle is used to achieve 50/50 splitter ratio with SU8 filled
trench. The output waveguide spacing of the network is 100 μm which the same as the
microcantilever spacing.

3.2.3

Mask Design and Layout
The mask layout of a die is shown in Figure 3-1. The size of a die is 14 mm × 21 mm.

There are 128 micrcantilevers with 100 μm spacing and 256 output waveguides with 50 μm
spacing (two outputs per cantilever) on a single die. There are multiple input options, so a
desired group of microcantilevers can be illuminated. Also there are some extra waveguide
patterned at output side, so I can re-route the output signal when it is necessary.
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(a)
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(b)
Figure 3-1: Mask design of 128 photonic microcantilever array (a) Die layout (b) A close-up view
microcantilever array with associated input bend/splitter network

In the demonstration, we used the waveguide layout on the silicon die which was
originally designed to accommodate a 1×32 network with a 100 μm cantilever spacing and a 50
μm output waveguide spacing (two outputs per cantilever). However, to simplify the readout
optics, we choose to implement a 1×16 network as shown in Figure 3-2, sourcing light into every
other microcantilever, which produces a 100 μm output spacing of the illuminated output
waveguides. This also requires placing two trench based bends on one of the output waveguides
of each microcantilever to re-route the P2 signal.
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Figure 3-2: Schematic layout of waveguide splitter network and microcantilever array. The red lines
represent waveguides that are optically sourced and correspond to active microcantilevers in the array; the
black lines represent waveguides that are not used and correspond to inactive microcantilevers in the array.
The numbers on the far right indicate the numbering convention for the active microcantilevers.

3.3

Fabrication
The waveguide, trench based bend and splitter network, microcantilevers, and differential

splitter are fabricated in Brigham Young University cleanroom using the processes discussed in
Chapter 2. The basic fabrication process flow is illustrated in Figure 3-3, and consists of the
following sequential steps:
(a) To create the device, we start from with a 100 mm SOITEC SOI wafer that has a 0.75
μm single crystal silicon layer and a 3 μm buried oxide layer. (In fact the SOI wafer is
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round in shape, but for this illustration purpose, I just draw a rectangular piece.)
(b) A 10nm thick chrome layer and a 40 nm thick gold layer are deposited on top of the
wafer by Denton e-beam evaporator. The chrome layer is used to improve the adhesion
of gold. After 20 minutes dehydration baking at 120 °C in oven, hexamethyldisilazane
(HMDS) is spun onto the wafer as the adhesion promoter of the photoresist. Then the
AZ-701 11cps photoresist is spun on the wafer at 4000 rpm for 60 seconds. Following 1
minute soft baking at 90 °C on a hot plate, the wafer is exposed to UV light at the
intensity of 10mW/cm2 for 9 seconds in a MA150 CC Karl Suss contact aligner with
hard contact mode. The exposure step is then followed by a post exposure baking at 110
°C for 1 minute on a hot plate. Then the wafer is developed in AZ-300 MIF developer
for 90 seconds. After development, the wafer is put in gold etchant and chrome etchant
to wet etch the gold layer and chrome layer, respectively. At this point, the gold patch
which will be used to create alignment mark is formed on the wafer.
(c) The rib waveguide and differential splitter are patterned on the wafer with photo
lithography process which uses AZ701 and is similar to that mentioned in previous step.
The gold alignment masks are patterned at same step with waveguide to assure the
alignment accuracy of future steps of both electron beam lithography and photo
lithography. The gold alignment marks are transferred to gold and chrome layers by wet
etching as we discussed in last step. The waveguide and differential splitter are created
by 100nm silicon etch in Surface Technology Systems (STS) inductively coupled plasma
reactive ion (ICP-RIE) etcher using 90 sccm C4F8, 50 sccm SF6, 800 W coil power, 15
W platen power, 15 mT pressure and 15 seconds etching time.
(d) The microcantilevers are patterned with photo lithography followed by a 650 nm STS
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ICP-RIE silicon etching. The photo lithography process uses AZ701 and is similar to
previous steps. The cantilever etching recipe is: 110 sccm C4F8, 50 sccm SF6, 800 W coil
power, 14 W platen power, 15 mT pressure and 3 minutes etching time. After cantilever
is defined, the wafer is diced into discrete die, which is shown in Figure 3-4, with Disco
DAD 320 dicing saw.
(e) An individual die is further processed by patterning the trench based bend and splitter
network, bends for rerouting P2 output waveguides, as shown in Figure 3-5 (a)-(c), and
120 nm gaps for the free ends of the microcantilevers as shown in Figure 3-5 (d) and (e).
This is done by electron beam lithography (EBL) which is described in the following.
The positive electron beam resist (ZEP 520A) is spun on top of the die at 4000 rpm for 1
minute, achieving a 400 nm thick film. Then the die is soft baked at 180 °C on a hot
plate for 2 minutes. To prevent the charging problem during electron beam wring
process, a water soluble conductive polymer (aquaSAVE53za) is spin-coated on top of
the ZEP and followed by 30 seconds 90 °C heating on a hot plate. The exposure is done
with a Nanometer Pattern Generation System (JC Nabity NPGS) and field emission
environmental scanning electron microscope (FEI/Philips XL30 ESEM-FEG). Before
electron beam writing, the fine focus and astigmatism adjustments are required. The
electron beam with 30 KeV energy and spot size one is used to directly write pattern, and
the measured beam current is about 25 pA. The electron beam writes a single straight
line to pattern the trench based splitters or gaps, while draws a rectangular box to pattern
the trench based bends. The exposure line doses used for bends, splitters and gaps are
0.25 nC/cm, 0.38 nC/cm and 0.45 nC/cm, respectively. After writing, the exposed
sample is developed in ZED-N50 (n-Amyl Acetate) for 2 minutes, followed by rinsing
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with ZMDD (Methyl Isobutyl Ketone). After development, the patterned bends, splitters,
and gaps are applied with a 750 nm Si etching in STS ICP-RIE. Because of the relatively
higher aspect ratio for the narrower trench based splitters (about 7:1), a longer etch time
is required. To achieve a more vertical sidewall, the etch recipe is modified as follows:
120 sccm C4F8, 50 sccm SF6, 800 W coil power, 15 W platen power, 15 mT pressure and
6 minutes etching time.
(f) An additional EBL step is done to define the strip loading on the multimode waveguides.
This EBL process is similar to previous step. After EBL, an oxygen plasma is applied to
the sample in Planar Etch II (PE2) at 100 W and 100 sccm oxygen flow for 30 seconds,
followed by 5 seconds Buffered Oxide Etch (BOE). Then a 100 nm amorphous silicon
layer is deposited with Denton Sputtering System - Explorer 14, using 300 W RF power
for 675 seconds. The purpose of the oxygen descum and BOE is to clean the surface of
the patterned strip loading area to improve the adhesion of amorphous silicon. After liftoff in Microposit Remover 1165, the amorphous silicon strip loading section is created.
Figure 3-5 (e) shows a close-up SEM image of the strip loading on the multimode
receiver waveguide.
(g) The SU8-2000.5 photoresist is spun on the die at 2000rpm for 60 seconds. The soft
baking starts from 65 °C for 1 minute, and ramps to 95 °C, then bakes at 95 °C for 2
minutes on a hot plate. After 12 seconds exposure with aligner, the die is applied with
the post exposure baking which is the same as the soft baking. Then the sample is
developed in SU8 developer, followed by rinsing with isopropyl alcohol (IPA). The SU8
is filled in the trenches of the network as the high refractive index material. After
patterning SU8, the input and output faces of the die are polished to facilitate optical
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coupling through the waveguide endfaces. Etching in hydrofluoric (HF) acid followed by
critical point drying (Tousimis Autosamdri 815B) removes the buried oxide and releases
the microcantilevers.

(a)

(b)
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(c)

(d)
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(e)

(f)
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(g)
Figure 3-3: Basic fabrication process flow of microcantilever array

Figure 3-4: Fabricated die with 128 microcantilver array
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(a)

(b)
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(c)

(d)
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(e)
Figure 3-5: (a) Microscope image of part of waveguide splitter network. (b) Scanning electron microscope
(SEM) image of two splitters on the main input waveguide and one of the TBBs. Other etched patterns are
artifacts of the EBL alignment process and do not affect waveguide operation. (c) SEM image of 90° TBBs on
a P2 output waveguide. (d) SEM image of section of the microcantilever array after release. (e) Close-up SEM
image of microcantilever tip and striploading on receiving waveguide. This particular sample has a much
wider gap at the end of the microcantilever, which is not representative of the array reported in this paper.

3.4

Measurement
To characterize the differential signals from the array of microcantilevers, we have

developed an experimental setup that is capable of actuating all microcantilevers simultaneously
while also collecting the P1 and P2 optical power levels. The critical aspect of this experimental
approach is patterning a SU-8 polymer layer on the top of each microcantilever and heat treat the
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sample to deliberately cause the microcantilevers to deflect due to compressive stress induced by
thermally driven epoxy cross-linking (shown in Figure 3-6).

Figure 3-6: SEM images of microcantilever array with SU8 bending patch

A Newport auto-align system (shown in Figure 3-7) is used as a measuring platform.
Figure 3-8 (a) shows the general scheme for experimentally measuring the differential signal for
each microcantilever as a function of deflection. Light from a fiber-coupled superluminescent
light emitting diode (SLED) with a center wavelength of 1550 nm is propagated through a
polarization-maintaining fiber oriented so that the output polarization is matched to the TE mode
of the optical waveguide. Light from the fiber is butt-coupled to the chip’s input waveguide,
from which it is directed through each microcantilever by the waveguide splitter network.
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Figure 3-7: Newport auto-align system

Actuation of the microcantilevers is accomplished with a glass piece attached to a piezo
translator (Physik Instrumente, P-841.30). The glass is 500 μm thick and cut in a tapered shape
~4 cm in length and end widths of 10 mm and 2 mm. The 2 mm wide end physically contacts the
microcantilever array and spans a maximum of ten of the optically sourced cantilevers. We
polished this end to remove any defects so that the deflection from cantilever to cantilever is as
uniform as possible. Two goniometer stages allow us to adjust the angle and position of the glass
piece so that its edge is parallel to the row of microcantilevers. The glass piece is positioned to
actuate microcantilevers #5-#14. Microcantilevers #1, #2, #15, and #16 do not have gaps
patterned such that they are not released (i.e., doubly clamped beams). Instead, their purpose is to
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provide static output sources for aligning the readout optics such that light from a single output
waveguide is imaged to a single pixel on the InGaAs linear array. Unfortunately, microantilevers
#3, #4, and #12 were broken during an early test scan and so do not provide any data. Hence 9 of
the 12 released microcantilevers contributed to our measurements.
The InGaAs digital line scan camera (Goodrich SU512LSE) is set to sample at a line scan
rate of 1440 Hz with an exposure time of 0.48 ms. Readout optics image the waveguide outputs
to every fourth pixel of the InGaAs linear array. The total piezo actuator scan range for the
experiment is set to 3 μm, taken in 0.05 μm steps. At each step 800 line scans are averaged to
obtain the average power for each output waveguide at that piezo actuator position. The piezo
actuator position is converted into actual microcantilever deflection based on the ratio of the total
microcantilever length to the position along the microcantilever at which the glass piece makes
contact.

(a)
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(b)
Figure 3-8: Experiment setup of microcantilever array push-down measurement

3.5

3.5.1

Results

Differential Signals
Measured P1 and P2 data for each of the 9 unbroken released microcantilevers are shown

in Figure 3-9 (a) and (b), respectively. Gaussian fits to the measured data are also provided. Note
that the peak positions of the P1 data do not occur at the same piezo position, and similarly for
the P2 data. Figure 3-9 (c) shows the relative P1 and P2 peak positions for each microcantilever.
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Systematic variation of the peak positions is clearly present, indicating that the edge of the glass
piece used to push down the microcantilevers is slightly bowed, probably due to the polishing
process used in its fabrication. Note also in Figure 3-9 (c) that the difference in P1 and P2 peak
positions is much smaller for microcantilevers #8 and #9 than for the other microcantilevers.
Quantitative data is given in the second column of Table 3-1. The larger Δ is, the greater the
range one expects to see for the differential signal. Consequently, we expect #8 and #9 to show
poor differential signal characteristics.
Correcting for the systematic variation in the measured P1 and P2 peak positions and
converting piezo position to deflection, the differential signal for each microcantilever is shown
in Figure 3-9 (d). As expected, #8 shows almost no variation in the differential signal since it is
so small. Also, the differential signal for #9 is anomalous in that it is not a monotonic function of
deflection. Nonetheless, the other microcantilevers show a monotonic dependence on deflection
with reasonable slope.
Note, however, that most of the curves are separated vertically from each other. This
occurs when the ratio of the measured P1 and P2 peak values is different, which can have a
variety of causes such as waveguide defects and flaws in the polished waveguide endfaces that
induce additional loss. As seen in the third column of Table 3-1, there is a wide variation in these
ratios in the measured data. Nonetheless, several pairs of microcantilevers have similar peak
ratio values (for example, #5 and # 14, and #6 and #11) and their differential signal curves are
correspondingly close to each other.
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(a)

(b)
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(c)

(d)
Figure 3-9: Measured (a) P1 and (b) P2 signals in units of electron counts (proportional to the total flux
incident on the camera pixels) of each microcantilever as a function of piezo actuator position. (c) Relative
position of P1 and P2 Gaussian fit peaks for each microcantilever. (d) Differential signals from the P1 and P2
data.
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Table 3-1: Difference in P1 and P2 peak positions (Δ), P1/P2 peak ratio, and average
slope of scaled differential signal for each microcantilever
MCL
Number
5
6
7
8
9
10
11
13
14

3.5.2

Peak Difference
(nm)
37.0
19.6
19.6
1.1
7.6
27.2
21.8
18.5
26.1

P1/P2 Peak
Ratio
0.34
0.13
0.28
0.25
0.19
0.16
0.12
0.19
0.34

Slope
(1/µm)
0.324
0.203
0.200
0.023
0.109
0.290
0.185
0.155
0.283

Scaled Differential Signals
The vertical offset in differential signals makes direct comparison of differential signals

between microcantilevers in an array problematic for sensing scenarios. We therefore formulate
an alternate differential signal that is more useful for microcantilever arrays in that it uses a
simple scaling parameter to largely remove the variation caused by different P1/P2 ratios. We
define this scaled differential signal, ηscaled, as

η scaled =

P2 − α ⋅ P1
P2 + α ⋅ P1

(3-1)

in which the scaling factor, α, is defined as

α=

P20
P10

(3-2)

where P20 and P10 are the measured output powers at an arbitrary reference deflection for any
given microcantilever. The reference deflection should ideally be chosen where both P1 and P2
have strong signals, preferably at or near zero deflection, so that the scaling factor is not strongly
affected by noise. In practice, for sensor applications P10 and P20 can be the measured values of
P1 and P2 prior to introduction of the sample to be analyzed. Extensive analysis shows that this
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has the effect of rescaling P1 so that all cantilevers have roughly the same the P2 to P1 peak ratio,
and ensures that the scaled differential signals of each cantilever have the same value at the
reference deflection. The scaled differential signal can therefore compensate for any additional
optical loss in the output waveguides after the Y-branch splitter that affects one output more than
the other. The measured scaled differential signals are shown in Figure 3-10.

Figure 3-10: Measured scaled differential signals from the P1 and P2 data

The effectiveness of using the scaled differential signal is noticeable when comparing the
scaled differential signals in Figure 3-10 to the differential signals in Figure 3-9 (d). (Note that
we have chosen not to show results for microcantilevers #8 and #9 in Figure 3-10 because Δ is so
small for each of them.) The scaled differential signals have no significant vertical separation.
Instead, the remaining variation is primarily a difference in the signal range of each scaled
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differential signal as evidenced by the different end points of each curve over the +/- 0.5 μm
deflection range shown in the graph. This variation can be captured as an average slope for each
curve, which is tabulated in the fourth column of Table 3-1. Note that the slope is directly
correlated with Δ, as shown in Figure 3-11, where a linear relationship is evident. Hence, with
use of a scaled differential signal, improving the uniformity of the optical responses in a
microcantilever array that uses our in-plane photonic readout method is primarily a matter of
improving the uniformity of Δ for the microcantilevers. We are currently investigating how to
make such improvements which will be discussed in the following chapter. Nonetheless, the
scaled differential signal results shown in Figure 3-10 demonstrate that a microcantilever array
can be readout simultaneously with reasonable uniformity using our in-plane photonic
transduction method.

Figure 3-11: Slope of each scaled differential signal plotted against the difference in the corresponding P1 and
P2 peak positions.
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3.5.3

Minimum Detectable Deflection and Sensitivity
A further consideration is that the maximum line scan frequency of our InGaAs line scan

camera is 4,266 Hz. It is therefore suited to measurement of microcantilever deflection rather
than shift in resonance frequency. Measurement of deflection (commonly referred to as static
mode operation) is particularly appropriate for microcantilever sensors operating in liquid, where
viscous damping dramatically broadens the resonance frequency response thereby limiting the
minimum resonance frequency change that can be measured. Noise in a static mode
microcantilever read out system can be characterized by the minimum detectable deflection
(MDD), which is defined as the amount of deflection corresponding to a signal-to-noise ratio of
one. The MDD for the measurements reported in this paper is 183 pm for a 1 Hz time-averaged
bandwidth.
Sensitivity (i.e., signal change per unit deflection, typically measured in inverse
nanometers) is an effective means of comparing microcantilever readout methods. Note that this
is just the slope of the measurement response. For this sample, the average sensitivity is 2.3x10-4
nm-1. This is comparable to the sensitivity typically obtained with optical beam deflection and
two orders of magnitude larger than for piezoresistive read out, which are the two most widely
used microcantilever read out techniques. Hence, in-plane photonic transduction is attractive in
that it maintains the sensitivity of optical beam deflection while being scalable to read out arrays
of microcantilevers.

3.6

Conclusion
In summary, we have demonstrated the integration of a compact trench based bend and

splitter network with an in-plane photonic microcantilever array, and simultaneous
microcantilever readout with an InGaAs line scan camera. The fabricated waveguide splitter
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network sources light into 16 microcantilevers. Asymmetric, multimode receiver waveguides
feed into Y-branch splitters that give two outputs for each microcantilever. The output light is
imaged onto a line scan camera to enable simultaneous readout of all microcantilevers in the
array. Use of a scaled differential signal yields reasonable correspondence of the signals from the
7 of the 9 surviving released microcantilevers in the array with the average sensitivity of 2.3x10-4
nm-1 and reasonable uniformity.
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4

PERFORMANCE ENHANCEMENT OF PHOTONIC MICROCANTILEVER
ARRAY

In this chapter, a new design of differential splitter and the modified fabrication process
are introduced. The Y-branch based splitter network with or without a double input waveguide is
used to illuminate the photonic microcantilever array for simplifying the fabrication process. The
sensitivity of a 16-microcantilever array is approximately 1 µm-1 with high uniformity. The yield
is also improved.

4.1

Motivation
In the previous chapter, we integrated the in-plane photonic microcantilever with trench

based bend and splitter network to create the microcantilever array sensor. The scaled differential
signal has an average sensitivity of 2.3x10-4 nm-1 with reasonable signal uniformity. However, in
sensing scenarios increased sensitivity is advantageous. The sensitivity can be improved by
redesigning the structure of differential splitter.
On the other hand, there are some issues about this first generation of microcantilever
array. As shown in Figure 4-1 (a), for some of the samples, the responses from cantilever to
cantilever are not uniform on a single die. Another problem as shown in Figure 4-1 (b) we call
ski-ramp, in which the scaled differential signal is not monotonic over a dynamic range of +/-0.5
µm. The ski-ramp comes from laterally unguided light propagating in the top silicon layer and
from scattered light.
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Figure 4-1: Typical problems shown in measurement results from our first generation of MCL array: (a)
non-uniformity (b) Ski-ramp

There are also some fabrication difficulties: first, the line-width of the single mode rib
waveguide is 1.6 µm which is close to the limit of our contact mask aligner. So reliably and
consistently making samples with high yield and uniformity is always a problem. The
nonuniform pattern eventually causes the variation of scaled differential signal from cantilever to
cantilever. Second, the amorphous silicon strip loading has delamination and deformation issues.
Moreover, the EBL process of trench based bend and splitter network is complicated and time
consuming.
To eliminate all of the problems above, increase the sensitivity and simplify the whole
procedure, we redesign the differential splitter of photonic microcantilever array, using the Ybranch based splitter network to replace the trench based bend/splitter network, and modify the
fabrication process.
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4.2

4.2.1

Design

Differential Splitter Using Double-Step Multimode Rib Waveguide
The sensitivity is dependent on the refractive index of the strip loading on the multimode

rib waveguide. However, the amorphous silicon strip that we previously used introduces
fabrication difficulties such as delamination and deformation of the strip due to adhesion issues
and intrinsic film stress. We have therefore developed a new asymmetric double-step multimode
rib waveguide that replaces amorphous silicon with crystalline silicon which has a higher
refractive index, as shown in Figure 4-2, improving sensitivity while maintaining the asymmetric
structure of the differential splitter and eliminating fabrication issues.

Figure 4-2: Comparing amorphous Silicon strip loading with double-step differential splitter (a) Original
design with amorphous Silicon (b) New design with double-step multimode rib waveguide

Jong Wook Noh has demonstrated the differential splitter with 17 µm long double-step
multimode rib waveguide [71, 72]. However we have found that the consistency of the
differential signal is improved by decreasing the length of the double-step multimode waveguide
from 17 µm to 4 µm. All of the further discussions are based on the new 4 µm double-step
multimode waveguide design.
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Figure 4-3 (a) illustrates our in-plane all-photonic transduction with the new asymmetric
double-step multimode rib waveguide and a Y-branch splitter for a photonic microcantilever.
The two outputs of the differential splitter are designated P1 and P2. The silicon photonic
microcantilever has a width of 45 µm, a length of 300 µm, and a thickness of 0.65 µm and forms
a single mode rib waveguide which has a rib width and height of 1.6 µm and 0.1 µm,
respectively, supporting only a fundamental transverse electric (TE) mode at a wavelength of
1550 nm, as we discussed in previous chapters.
Initially, the capture waveguide is a multimode rib waveguide etched 0.1 µm deep in a
0.75 µm thick silicon layer (i.e. same etch depth as the single mode waveguide) and has a rib
width of 3.0 µm. As shown in Figure 4-2 (b) and Figure 4-3 (b), the entire top surface of the
multimode rib waveguide, except for a 1.5 µm wide section on the right half of the rib, is etched
down an additional 0.2 µm to form a double-step rib waveguide. As shown in Figure 4-3 (c), the
multimode rib waveguide has a length of 13 µm, and the double-step rib waveguide is 4 µm
long.
The splitter output powers, P1 and P2, are used to form a scaled differential signal as
equation 3-1 which we introduced in chapter 3. The simulation results of P1 and P2 optical output
power as a function of microcantilever deflection are plotted in Figure 4-4 (a), Both P1 and P2
have similar Gaussian-like profiles over the deflection range of ±0.5 µm, but with a small peak
offset, Δ, between the two profiles. As discussed in previous chapters, this peak offset (in this
case Δ = 62.8 nm) results in a scaled differential signal with monotonic response to deflection as
shown in Figure 4-4 (b). The sensitivity of the differential splitter with double-step multimode
rib waveguide is 0.76 µm -1 which is about 3 times our previous amorphous silicon design.
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(a)

(b)

(c)
Figure 4-3: Design of differential splitter with double-step multimode rib waveguide (a) Schematic
illustration of in-plane all-photonic microcantilever transduction structure based on a differential splitter
composed of an asymmetric double-step multimode rib waveguide and Y-branch splitter. (b) Cross section of
the asymmetric double-step multimode rib waveguide. (c) Top view of the unclamped end of microcantilever
and the differential splitter with the asymmetric double-step multimode rib waveguide
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(a)

(b)
Figure 4-4: Simulation results for the differential splitter with the asymmetric double-step multimode rib
waveguide (a) P1 and P2 optical output power as a function of microcantilever deflection (b) Scaled
differential signal as a function of microcantilever deflection.
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In the new design, we also have changed our microcantilever geometry from the original
35 µm x 100 µm to 45 µm x 300 µm. The new design has a much smaller measured spring
constant (k=0.006 N/m) than the original (k=0.33 N/m). The reason is to facilitate measurement
of small changes in surface stress, which increases sensor sensitivity. Before sensing experiment,
microcantilevers must be functionalized with receptor molecules by inkjet system. The wider
microcantilivers make it easier to capture jetted droplets.

4.2.2

Mask Design and Optical Waveguide Network
Using our in-plane photonic transduction method to create an array of microcantilevers

requires sourcing light into each microcantilever waveguide. In previous chapters, we discussed
using a trench based bend and splitter network to accomplish this purpose. The advantage of the
trench based bend and splitter network is its compactness which can facilitate greater on-chip
integration. But on the other hand, this method has several fabrication disadvantages for rapid
and repeatable sample fabrication. It takes several hours to write the whole network pattern with
electron beam lithography and the trench based splitter needs a trench width of 116 nm and depth
of 750 nm, which is hard to fabricate uniformly, reliably and consistently. So in this chapter, we
source light to microcantilever array with traditional multiple-stage Y-branch waveguide splitter
network, significantly decreasing the number of process steps, reducing process time and
simplifying the whole procedure. A schematic illustration of a 8-microcantilver array with Ybranch splitter network is shown in Figure 4-5.
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Figure 4-5: Schematic illustration of 8-microcantilver array with Y-branch splitter network

The mask layout of a single die is shown in Figure 4-6 (a). The size of a die is 14 mm ×
10 mm. There are three sets of microcantilever arrays, two with 8 microcantilevers and one with
16 microcantilevers. The cantilever spacing is 200 μm and output waveguide spacing is 100 μm
in each set.
On the left side of the die, there are input waveguides (I, II and III) into which light
from an optical fiber is butt-coupled. The input waveguide is displaced from the center of the
array by a large S-bend to avoid introducing uncoupled light from the fiber into the InGaAs line
scan camera used to measure light from the differential splitter output waveguides. Light coupled
into the input waveguide I and III is split by a three-stage Y branch splitter network to 8 photonic
microcantilevers. Another input waveguide (II) is double-input waveguide, as shown in Figure 46 (b) and (c). A typical single mode optical fiber has a mode field diameter of approximately 10
µm while our rib waveguide is only 1.6 µm wide. So we use the double-input waveguide to
couple light from one input fiber to two three-stage Y branch splitter networks simultaneously,

74

as shown in Figure 4-6 (a) and (d). We use the double-input waveguide to create a 16-photonic
microcantilever array while keep the die length the same as 8-microcantilever array.

Figure 4-6: (a) Mask layout of microcantilver array with Y-branch splitter network (b) A close-up view of the
double-input waveguide (c) Cross section of the double-input waveguide (d) Schematic illustration of buttcoupling of the double-input waveguide
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4.3

Fabrication
The fabrication process of the new generation of photonic microcantilever array is similar

to what we demonstrated in chapter 3, but we modified some steps to increase the yield, improve
the response uniformity and enhance the performance of the microcantilever array sensor
platform.

4.3.1

Ion Implantation
As mentioned in the motivation section, one of the issues of our photonic microcantilever

array sensor is ski-ramp which is caused by scattered light and light propagating in the top
silicon layer but not confined in rib waveguide as guided mode. A typical single mode optical
fiber has a core diameter between 8 and 10 µm and a cladding diameter of 125 µm while our rib
waveguide is only 1.6 µm wide. Only a part of the light from fiber is coupled to the waveguide to
create the guided mode. Some light is also coupled into the silicon slab where it is laterally
unconfined.
The slab-coupled and scattered light is captured by the InGaAs line scan camera on
output face to create a background DC offset in addition to the deflection-dependent output. In
the region where P1 and P2 have large values, such as around zero deflection, the effect of the
background DC offset on the scaled differential signal is negligible. However, when the DC
offset is comparable to the values of P1 and P2, the scaled differential signal will differ markedly
from the expected behavior. The effect is more pronounced for positive deflections because the
P2 peak is shifted toward the negative deflection region.
To eliminate the slab-coupled and scattered light, we boron dope all non-waveguide
regions of the silicon to absorb undesired light based on free-carrier absorption effect [96].
Figure 4-7 shows optical absorption spectra of c-Si for various concentrations ΔN of free holes.
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At 1550nm, the photon energy is 0.8 eV. From this graph, a doping level of boron above about
5e18/cm3 is more than adequate. To achieve this concentration relatively uniformly through the
top silicon layer, a double implantation of boron is used: the first on an ion energy of 200 keV
and 3e15 ions/cm2 ion dose and the second implantation has 50 keV ion energy and 3e14
ions/cm2 ion dose. The calculated ion implantation profile for both doses is shown in Figure 4-8.

Figure 4-7: optical absorption spectra of c-Si for various concentrations ΔN of free holes[96]
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Figure 4-8: The calculation of ion implantation profile (The red line show the total doping for all of the
implants)

To test the doping, we sent samples to Core System Inc. to do ion implantation with the
same parameters as the calculation above. We use fiber to butt-couple light to input waveguide,
and take images of output face before and after ion implantation with 2D IR camera. The
intensity line profile of outface is shown in Figure 4-9 where the peaks indicate output
waveguides. After doping, the output shows less background bias than before doping (300 vs 750
pixel value). Moreover, the noise between the output waveguides is cleaned by the doping.
Furthermore, we measured the optical output power of different waveguides with different
doping length on them. The optical loss of the doped area is approximately 3 dB/ 50 μm.
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Figure 4-9: Intensity line profiles of 2D IR camera images of output face (a) Before ion implantation (b) After
ion implantation

4.3.2

Patterning Waveguide Structure with Stepper
In last chapter, we discussed using contact mask aligner to pattern the single mode and

multimode receiver rib waveguide structures. The disadvantages of contact aligner system
include: good contact is difficult to achieve because of particulates between mask and substrate,
and flatness variations; both the mask and the wafer are liable to damage and particulate
contamination; and the resolution is low. These disadvantages cause that the patterns have low
yield and poor uniformity, and the non-uniform pattern of the multimode waveguide connection
region causes further non-uniformity of the response of the differential splitter. This is the main
reason that the scaled differential signal varies from cantilever to cantilever on a single die. To
eliminate these problems, the waveguides are patterned at North Carolina State University with a
GCA 8500 DSW stepper which has higher resolution and causes fewer defects and better
uniformity. As shown in Figure 4-10, the pattern from stepper has much better fidelity than from
contact mask aligner. And the smoother waveguide has less propagation loss. Moreover, the
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patterns from stepper have better uniformity. Furthermore, the yield is increased from 55% to
75%.

Figure 4-10: SEM images of signal-multimode waveguide connection region (a) patterned with contact mask
aligner (b) patterned with stepper

4.3.3

Fabrication Process
We start with a 100 mm SOITEC SOI wafer that has a 0.75 μm single crystal silicon

layer and a 3 μm buried oxide layer. The first step is sending this wafer out to Core System Inc.
to do the ion implantation with previously discussed parameters. Before we send out the wafer, I
pattern photoresist to protect the waveguide areas. After 20 minutes dehydration baking at 120
°C in oven, hexamethyldisilazane (HMDS) is spun onto the wafer as the adhesion promoter of
the photoresist. Then S1813 photoresist is spun on the wafer at 2000 rpm for 60 seconds.
Following 1 minute soft baking at 115 °C on a hot plate, the wafer is exposed to UV light at an
intensity of 10mW/cm2 for 12 seconds in a MA150 CC Karl Suss contact aligner with hard
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contact mode. Then the wafer is developed in MF319 developer for 60 seconds. The
development step is then followed by a hard baking at 120 °C for 40 minutes on a hot plate.
After we receive the doped wafer form Core System Inc., the wafer is put in Piranha
solution (1:1 sulfuric acid: hydrogen peroxide) over night at 130 °C to strip the protection
photoresist layer for ion implantation.
After cleaning process, the gold patches are patterned with the same process introduced
in Chapter 3. The next step is to pattern the single mode and multimode receiver rib waveguides
and EBL alignment marks as shown in Figure 4-11(a). The waveguides are patterned at North
Carolina State University with the GCA 8500 DSW stepper. EBL alignment marks are patterned
at the same time as the waveguides to facilitate more accurate alignment of EBL-defined
structures to the waveguides. This photolithography step is followed by the same ICP-RIE
etching process as discussed in Chapter 3 to create rib waveguide. Wet etching is used to create
EBL alignment marks in Au layer. The wafer is then diced and all further processes are
performed at the die level.
Figure 4-11 (b) shows an array of MCLs defined on a single die by photolithography with
a contact mask aligner followed by an ICP-RIE etching process as discussed in Chapter 3. An
EBL step is done to define the asymmetric double-step etch area in the multimode waveguide
areas. This EBL process is similar to the previous discussion in Chapter 3. After EBL, a 30
second ICP-RIE etching with the waveguide etch recipe is applied to create a 200 nm etch step
(Figure 4-11 (c)). After both input and output faces are polished, the silicon dioxide underneath
the MCLs is removed with a hydrofluoric acid (HF) wet etch (Figure 4-11 (d)). Note that the
MCLs are double clamped at this stage of the process. We employ a focused ion beam (FIB)
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(FEI Helios Nanolab 600) to release the MCLs by etching a small gap between the MCLs and
the double-step rib waveguide (Figure 4-11 (e)). The gap width is typically 150-200 nm.

Figure 4-11: Schematic drawings of fabrication process for second generation of microcantilever array
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4.3.4

Microcantilever Initial Deflection Compensation with Focused Ion Beam
After release, the microcantilevers often have a small residual deflection up out of the

plane of the silicon because of the intrinsic stress in the top silicon layer of SOI wafer and the
well-known problem of anchoring deformation, in which the anchor region affects
microcantilever initial deflection and deflection uniformity [97]. A close up view of the
microcantilever tip region in Figure 4-12 clearly shows the initial deflection of the released
microcantilever.

Figure 4-12: SEM close-up view of microcantilever tip region with initial deflection (D: deflection)

In our previous discussion, the scaled differential signal is monotonically related to the
vertical position of the microcantilever tip over a range of +/-0.5 µm. Minimizing the initial
microcantilever deflection and uniformity across an array of microcantilevers is critical to
83

successful sensing application for two reasons. First, if the initial deflection is outside the range
of +/-0.5 µm, the transduction method breaks down since less than enough light is coupled into
the static receiver waveguide. Second, when the microcantilevers are near zero deflection the
sensitivity is maximized with the highest signal-to-noise ratio while the full dynamic range in
both deflection directions is also available.
The average initial deflection for the 300 µm long microcantilevers is about 1 µm. The
deflection which causes each microcantilever to be out of the dynamic range of the in-plane
photonic transduction method is quite non-uniform. No sensing operation is possible with these
initial deflections. Therefore, developing a method to compensate the initial post-release
deflection is an important issue for the in-plane photonic transduction technique.
The deflection of microcantilevers can be controlled by a Focused Ion Beam (FIB). A
FIB scan at the anchoring region (as shown in Figure 4-13) causes downward deflection of
microcantilevers and is used to compensate the initially bent up deflection with negligible
surface damage. A single FIB scan releases focused Ga ions accelerated at 30kV (2000X
magnification) with a 2.7 pA current dose. The microcantilever surface area, exposed to Ga ions,
is 64 µm x 45 µm. Ga ions are implanted inside the crystalline silicon surface upon the scan,
inducing slight tensile stress on the top surface, which in turn bends the microcantilever
downward. To compensate the initial upward deflection of our microcantilevers to near zero
deflection, multiple scans at 2.7 pA may be necessary. It is obvious that higher current introduces
more stress due to more implanted Ga ions inside the surface. However, using a higher current
dosage can create too much downward deflection. The microcantilever array can achieve highly
uniform zero deflection conditions with this FIB stress compensation method. A close up view of
a microcantilever tip after the compensation is shown in Figure 4-14.
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Figure 4-13: Schematic layout of using FIB scan for MCL deflection control

Figure 4-14: SEM image of the microcantilever tip (same as one show in Figure 4-12) after deflection
compensation with FIB
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Optical power before and after the gap and stress compensation shows no additional loss
associated with FIB scans at the anchoring region at this current. We also perform an atomic
force microscopy (AFM) measurement on the exposed region and find no evidence of additional
roughness or etch depth. Both results show the damage on the surface is negligible as the current
is too low to cause any damage.

4.4

4.4.1

Results

Fabricated Sample
The silicon samples are fabricated with the process described above. Figure 4-15 (a)

shows a whole set of 8-microcantilver array and Figure 4-15 (b) shows 3 microcantilevers in an
array. A close-up view of the end of microcantilever and the differential splitter with the
asymmetric double-step multimode rib waveguide is shown in Figure 4-15 (c).

4.4.2

Measurement Results
After fabrication, we characterize microcantilever arrays with the same experiment setup

as we introduced in Chapter 3: a superluminescent diode at 1550 nm is the optical source and an
InGaAs linear array camera is used for simultaneous measurement of the outputs of all
microcantilevers in an array; a glass piece is attached to a piezo actuator with a precisely
polished edge simultaneously pushing down on the microcantilevers in an array while measuring
P1 and P2.
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(a)

(b)

(c)

Figure 4-15: SEM images of (a) an 8-microcantilever array (b) 3 microcantilevers in an array (c) a close-up
view of double-step differential splitter
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If the microcantilevers start out nominally undeflected, this approach only allows
measurement of the scaled differential signal for deflections less than zero. To achieve the full
dynamic range measurement, thermally stressed SU-8 bending patches are used to intentionally
bend up the microcantilevers in Chapter 3. However, as we previously discussed, we must
minimize the initial microcantilever deflection in sensing application. Rather than using SU-8
bending patch, we have found that gently blowing air on the glass causes a buildup of static
charge, which in turn results in an attractive force between the glass and the microcantilevers that
can be used to pull the microcantilevers away from the substrate. Hence the scaled differential
signal can be measured for the full deflection range.
A typical measurement of the P1 and P2 outputs as a function of microcantilever
deflection for a 16-microcantilever array, which is wafer SOITEC 17 Die 26 set 1, is shown in
Figure 4-16. The P1 and P2 profiles are Gaussian-like as expected. The peak power variation
from cantilever to cantilever in the measured data is due to different losses in individual
waveguides and output waveguide facet roughness.
Figure 4-17 shows the scaled differential signal, which is introduced in Chapter 3,
calculated from measured P1 and P2 output powers. Note that most of the microcantilevers show
excellent uniformity over the measurement range with a sensitivity of approximately 1 µm-1,
which is three times better than our previous amorphous silicon design in Chapter 3 and
comparable to the best reported for laser reflection transduction method used in AFM [98].
Moreover, the ski-ramp is removed by introducing doping in non-waveguide areas.
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(a)

(b)
Figure 4-16: Measured (a) P1 and (b) P2 signals in units of electron counts (proportional to the total flux
incident on the camera pixels) of each microcantilever as a function of deflection for SOITEC 17 Die 26 Set 1
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(a)

(b)
Figure 4-17: Scaled differential signals as a function of deflection for SOITEC 17 Die 26 Set 1 (a) Measured
scaled differential signals for each microcantilevers (b) Average scaled differential signals
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As we have shown in the previous chapter, variation in the slopes of the scaled
differential signals correlates with the differences in P1 and P2 peak position (Δ). Figure 4-18
shows the linear relationship between the slopes as peak offset as we expected.

Figure 4-18: Slope of each scaled differential signal plotted against the difference in the corresponding P1 and
P2 peak positions.

A total of 24 dies from wafer SOITEC 17 were processed and measured. The average
slopes of scaled differential signal for each sample are shown in Figure 4-19, which shows
reasonable uniformity and consistency. The slope variation from die to die is mainly due to the
variation of etching depth of double-step differential splitter which is etched individually for
each sample in STS ICP-RIE and is susceptible to variable chamber conditions.
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Figure 4-19: Slopes of scaled differential signal for each processed die from wafer SOITEC 17

4.5

Conclusion
In this chapter, we introduce a new differential splitter design with double-step

multimode rib waveguide. The new design improves deflection sensitivity and reduces
fabrication difficulties. A three stage Y-branch based splitter network with a double-input
waveguide is used to illuminate a 16-microcantilever array and simplify the fabrication process
to enable faster turn around times to supply dies for bio-sensing experiments.
The microcantilever array fabrication process is also modified: dopant is introduced in
non-waveguide area to eliminate ski-ramp in cantilever response; stepper is used to improve the
uniformity and yield; and FIB is employed to control the initial deflection of each
microcantilever.
The sensitivity of the new photonic microcantilever array is increased to approximately 1
µm-1, which is three times better than our previous amorphous silicon design in Chapter 3 and
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comparable to the best reported for laser reflection transduction method used in AFM. Moreover,
most of the microcantilevers show excellent uniformity.
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5

SIMULTANEOUS READOUT OF LARGE-SCALE MICROCANTILEVER ARRAY
WITH IN-PLANE PHOTONIC TRANSDUCTION METHOD

In this chapter, I present the realization of a large-scale in-plane photonic transduction
microcantilever array with double-step multimode rib waveguide differential splitter read out. A
64-microcantilever array is created by integrating photonic microcantilevers with a trench based
bend and splitter network. The InGaAs line scan array is employed to readout the waveguide
outputs simultaneously.
We demonstrate that excellent signal uniformity is obtained with scaled differential
signal for 56 meausred microcantilevers in a 64-array. The average sensitivity of
microcantilevers is 0.7 µm-1, and it matches simulation result very well.

5.1

Motivation
In the previous chapter, we demonstrate 16-microcantilever array with high sensitivity

and excellent uniformity. However, in biological or chemical sensing scenario, averaging over
large numbers of microcantilevers with identical selective coating could improve the signal-tonoise ratio of the overall sensor. Moreover, microcantilevers can be functionalized with different
receptors to create a multiplexed sensing platform. In addition, reference microcantilevers can be
included in an array to calibrate out effects due to the ambient sensing environment such as
variations in temperature, pH, salt concentration, and fluid flow rate. Therefore, the development
of large-scale microcantilever arrays is essential for multiplexed sensing applications.
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5.2

Design and Mask Layout
With the new differential splitter with double-step multimode rib waveguide successfully

demonstrated, we use exactly the same photonic microcantilever and differential splitter design
as I introduced in Chapter 4 to create a 64-microcantilever array.
The die layout of 64-microcantilever array is shown in Figure 5-1. The size of a die is 14
mm × 10 mm. To accomplish sourcing light into each microcantilever waveguide in a 64-array,
we combine a double-input waveguide with a trench based bend and splitter networks because
the later is much more compact than cascading Y-branch splitters.
In the lower left corner of the die layout, a double-input waveguide, which is the same as
what I introduced in Chapter 4, is used to distribute light coupled from a single mode fiber to two
1-to-32 trench-based bend and splitter networks. The input waveguides are displaced from the
center of the array by a large S-bend to avoid introducing uncoupled light from the fiber into the
InGaAs line scan camera used to measure light from the differential splitter output waveguides.
These two 1-to-32 trench-based bend and splitter networks are the same as we introduced
in Chapter 3. As discussed in Chapters 2 and 3, we use trench based bend and splitter with a
bend angle of 105° to achieve a 50/50 splitting ratio for 116 nm wide SU8-filled splitters. The
waveguide layout on the silicon die is designed to accommodate two 1×32 networks with a 100
μm cantilever spacing and a 50 μm output waveguide spacing (two outputs per cantilever), as
shown in Figure 5-1.

96

Figure 5-1: Die layout of 64-microcantilever array
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5.3

Fabrication
To demonstrate a 64-microcantilever array with the in-plane photonic transduction

method, I have fabricated a sample with processes which are the combination of what I used in
Chapters 3 and 4. The process flow is briefly shown below, and the detail descriptions of each
step are introduced in chapter 3 and 4.
We start with a 100 mm SOITEC SOI wafer that has a 0.75 μm single crystal silicon
layer and a 3 μm buried oxide layer. The first step is patterning photoresist protective layer and
sending it out for ion implantation. After we receive the doped wafer, the gold patch is patterned
in house. The next step is to pattern the single mode, multimode receiver rib waveguides and
EBL alignment marks at North Carolina State University with the stepper. This photolithography
step is followed by an ICP-RIE silicon etch process to create the rib waveguides. The wafer is
then diced and all further processes are performed at the die level.
The trench based bend/splitter network and double-step differential splitters are defined
in separate electron beam lithography steps, each of which is followed by a silicon etch in ICPRIE. Then an array of microcantilevers is patterned on a single die by photolithography with a
contact mask aligner followed by an ICP-RIE etch process.
After polishing both input and output faces, the silicon dioxide underneath the
microcantilevers is removed with an HF wet etch. The last step is using FIB to release the
cantilevers and implement deflection compensation. A fabricated sample is shown in Figure 5-2.
Figure 5-3 show microscope and SEM images of a part of the trench based bend and splitter
network. SEM images of the microcantilver array and a differential splitter are shown in Figure
5-4.
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Figure 5-2: Fabricated sample of 64-microcantilver array

(a)
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(b)
Figure 5-3: (a) Microscope image of a part of trench based bend and splitter network (b) SEM image of a 1 to
2 splitter

(a)
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(b)
Figure 5-4: (a) SEM image of a part of 64-microcantilever array (b) Close-up SEM image of microcantilever
tip and double-step multimode rib waveguide

5.4

Measurement and Results
After fabrication, the sample is tested to examine the sensitivity and uniformity of the

photonic microcantilever array responses as a function of deflection.
To characterize the scaled differential signal, we use the same push-down measurement
technique as we discussed in Chapters 3. A precisely polished edge of a glass piece attached to a
piezo actuator is used to simultaneously push down on the microcantilevers in an array while
measuring P1 and P2. Readout optics image the waveguide outputs to every other pixel of the
InGaAs linear array. During the push-down measurement, the piezo actuator scans a 3 μm range
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with a step of 50 nm. At each step 400 line scans are averaged to obtain the average power for
each output waveguide at that piezo actuator position.
Microcantilevers #1 and #64 are not released (i.e., doubly clamped beams). Instead, their
purpose is to provide static output sources for aligning the readout optics so that light from a
single output waveguide is imaged to a single pixel on the InGaAs linear array. Unfortunately,
microantilever #28 has a waveguide defect and #33 to #37 were overexposed during deflection
compensation (i.e. deflected down dramatically) and therefore do not provide any data. Hence 56
of the 64 microcantilevers contribute to our measurements. The measurement of the scaled
differential signal as a function of microcantilever deflection is shown in Figure 5-5.

(a)
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(b)
Figure 5-5: Scaled differential signals as a function of deflection for measured 56 microcantilever in a 64array (a) Measured scaled differential signals of each microcantilevers (b) Average scaled differential signals

As shown in Figure 5-5 (a), the measured scaled differential signals show good signal
uniformity for most of the microcantilevers. As shown in Figure 5-5 (b), over the full deflection
dynamic range (-0.5 μm to 0.5 μm) the averaged scaled differential signal shows a nearly linear
response with a sensitivity of 0.7 µm-1. Moreover, the measurement data match the simulation
result very well over the most range. In the region from 0.3 μm to 0.5 μm, the response slightly
differs from expectation. As I discussed in Chapter 4, this is mainly due to a background DC
offset in the measurements. Although we have introduced dopant to absorb the unguided and
scattered light in top silicon layer, a part of light from input fiber can propagate though free
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space and is captured by InGaAs line scan camera creating a background DC offset in addition to
the deflection-dependent output.
The noise of our measurements can be characterized by the minimum detectable
deflection (MDD), which is defined as the amount of deflection corresponding to a signal-tonoise ratio of one. The MDD gives the limit of detection of microcantilever deflection and is
calculated by dividing the noise of the transduction signal by the sensitivity of the readout
method. For our photonic microcantilevers, the noise of the scaled differential signal (δη) can be
determined from the measured power, noise, and correlation of the P1 and P2 outputs for each
microcantilever. A first-order approximation of the noise of the scaled differential signal is given
by:

δη
=

2α

( P2 + P1 )

2

P2 2δ P12 + P12δ P2 2 − P1 P2δ P1δ P2 r12 ,

(5-1)

where α is the scaling factor, δP1 and δP2 are the measured noise of the two outputs and r12 is the
correlation coefficient for P1 and P2. Based on the measured values of P1 and P2 and the slope of
the scaled differential signal, we obtain an average MDD of 64 pm for a 3.5 Hz bandwidth.
As we have shown in previous chapters, variation in the slopes of the scaled differential
signals correlates with the differences in P1 and P2 peak position (Δ). Figure 5-6 shows a linear
relationship between the slope and peak offset as we expect.
The slope of the scaled differential signal of each measured microcantilever is plotted
against the microcantilever number in Figure 5-7. The 56 measured microcantilever in a 64-array
has an average slope of -0.71 µm-1, and a standard deviation of 0.081 µm-1. The normalized
standard deviation (i.e., the standard deviation divided by the average) of the slopes of the
measured 56 microcantolevers is 0.11, which indicates the good uniformity of microcantilever
response in the array.
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Figure 5-6: Slope of each scaled differential signal plotted as a function of peak offset between corresponding
P1 and P2.

Figure 5-7: The slope of the scaled differential signal of each measured microcantilever as a function of the
microcantilever number
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5.5

Conclusion
In this chapter, I have demonstrated the design, fabrication and characterization of a 64-

microcantilever array using the in-plane photonic transduction method for simultaneous readout
of each microcantilever with an InGaAs line scan camera. Two 1-to-32 trench based bend and
splitter networks with a double-input waveguide are used to illuminate the 64-microcantilever
array from a single fiber optical source.
The measurement results show that good signal uniformiy is obtained for the scaled
differential signal for 56 measured microcantilevers in a 64-microcantilever array. The average
sensitivity of microcantilevers is 0.7 µm-1, and matches the simulation result very well.
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6

6.1

CONCLUSIONS

Summary
In this dissertation, I have presented the development of single-chip silicon photonic

microcantilever array for sensing applications. Microcantilever arrays have attracted significant
interest as label-free sensors with high sensitivity. A number of transduction techniques have
been developed for measuring changes of microcantilever properties, such as optical beam
reflection, piezorisitive and capacitive techniques. The beam reflection transduction technique
which is used in AFM is the most widely used and most sensitive readout method. However, this
technique is not easy to readout a large scale microcantilevers array simultaneously, which has
led to interest in other transduction methods.
We demonstrate a microcantilever array with an in-plane photonic transduction method
for simultaneous read-out of each microcantilever. The array is fabricated on a silicon-oninsulator substrate. Rib waveguides in conjunction with a compact waveguide splitter network is
comprised of trench-based splitters and trench-based bends route light from a single optical input
to each microcantilever on the chip. Light propagates down a rib waveguide integrated into the
microcantilever and, at the free end of the microcantilever, crosses a small gap. Light is captured
in static asymmetric multimode waveguides that have amorphous silicon strip loading and
terminate in Y-branches, the outputs of which are imaged onto an InGaAs line scan camera. A
differential signal for each microcantilever is simultaneously formed from the two outputs of the
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corresponding Y-branch. A 16-microcantilever array is fabricated and measured. Use of a scaled
differential signal yields reasonable correspondence of the signals from the 7 surviving released
microcantilevers in the array. The average sensitivity is 0.23 µm-1.
After demonstrating our first mictocantilever array, we seek to enhance the performance
of the device. A new differential splitter design with double-step multimode rib waveguide is
introduced to improve the sensitivity and eliminate fabrication difficulty. The fabrication process
of microcantilever array is also modified: dopant is introduced in non-waveguide area to
eliminate ski-ramp in cantilever response; stepper is used to improve the uniformity and yield;
and FIB is employed to control the initial deflection of microcantilever. The 16-microcanitiler
array is created by integrating the photonic microcantilevers with three-stage Y-branch splitter
network and double-input waveguide. The sensitivity of a measured 16-microcantilever array is
achieved about 1 µm-1, which is comparable to the best reported for laser reflection method used
in AFM. Moreover, most of the microcantilevers show excellent uniformity.
By integrating the new design of photonic microcantilever with trench based bend and
splitter network and employing the modified fabrication process, we finally realize our objective
which is to create a large scale microcantilever array with simultaneous readout using our inplane photonic transduction method. A 64-microcantilver array is designed, fabricated and
measured. The measurement results show that excellent signal uniformity is obtained with scaled
differential signal for 56 measured microcantilevers in a 64-array. The average sensitivity of
microcantilevers is 0.7 µm-1, and matches the simulation result very well.
Two factors that affect the usefulness of microcantilevers in sensing scenarios are the
sensitivity of the transduction method for measuring changes in microcantilever properties and
the ability to create large compact arrays of microcantilevers. In this dissertation, we demonstrate
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that microcantilever with in-plane photonic transduction method is attractive, because it
maintains the sensitivity of optical beam deflection while being scalable to read out large arrays
of microcantilevers.

6.2

Contributions
The key contributions presented in this dissertation include the following:
1. Fabrication and characterization of the first microcantilever array with simultaneous
readout using an in-plane photonic transduction method.
2. Demonstration of the first 16-microcantilever array with a new 4 µm long double-step
multimode rib waveguide differential splitter.
3. Developing a new fabrication process to enhance the performance of photonic
microcantilever arrays and improve the yield.
4. Using the new fabrication process to demonstrate high uniformity and consistency of
in-plane photonic microcantilever arrays for many samples.
5. Fabrication and characterization of the first large-scale in-plane photonic
microcantilever array which has up to 64 microcantilevers.

6.3

Future Work
As discussed in previous chapters, microcantilever arrays have turned out to be a highly

sensitive, very powerful and promising platform for chemical and biological sensing. We have
demonstrated a new in-plane photonic transduction method that is scaled-up to simultaneous
readout of 64-microcantilever array with a sensitivity comparable to the best reported for laser
reflection method used in AFM.
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For microcantilever based sensor, decreasing the spring constant will facilitate the sensor
responsivity and increase the sensitivity. Hence, we can optimize the microcantilever
dimensions, which determine the spring constant, to improve the sensor performance. In the
discussion in previous chapters, large-scale microcantilever array sensor can achieve multiplexed
sensing with high signal to noise ratio and environmental noise canceling mechanism. With our
in-plane photonic transduction method and trench based bend and splitter network, creating 128microcantilever or even larger scale microcantilever array is straightforward based on application
requirement.
Our ultimate objective is to create a lab-on-a-chip detection system. We have integrated
multilayer polydimethylsiloxane (PDMS) microfluidics with microcantilever sensing arrays.
Figure 6-1 (a) shows the layout of a two-layer PDMS microfluidic chip and its orientation to a 10
mm x 14 mm SOI sample, which we introduced in chapter 4, with three arrays of
microcantilevers (16 microcantilevers in Set 1 and 8 microcantilevers in Sets 2 and 3). Fluid is
introduced at the input port and routed to each set depending on which valves are open.
Moreover, using this lab-on-chip device, we have demonstrated a transient deflection response
when the surface stresses on the top and bottom of each microcantilever are changed by both
non-specific adsorption of bovine serum albumin (BSA) and variation in bulk pH. The temporary
nature of the deflection response is attributable to a transient difference in analyte concentration
between the top and bottom microcantilever surfaces as analyte-bearing fluid is introduced into
the microchannel in which the microcantilever array is located with an asymmetric vertical
placement (as shown in Figure 6-1 (b)).
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Figure 6-1: PDMS microfluidics device (a) Layout of microfluidics (b) 3D Schematic illustration of
integration of microcantilever and microfluidic channel

Furthermore, we are working on functionalizing the microcantilever with receptor
molecules suitable for a given sensing application. Our future research is focused on realizing
biomedical sensing with our lab-on-chip device, such as protein sensing in antibody–antigen
system. And the ultimate direction of our research is toward clinical applications such as disease
diagnostics with blood sample.
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